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ABSTRACT 
BOTTLENECK ANALYSIS AND CHANNEL CAPACITY 
IIdPROVEMENT ALTERNATIVES FOR UrUC 
CAMPUS PORTION OF BONEYARD CREEK 
Floodings of the Boneyard Creek along the north campus of the University of Illinois at Urbana- 
Champaign have caused multimillion dollar loses in recent years. One way to investigate the flood 
problem is to determine the hydraulic carrying capacity of the channel and then compare it with the 
amount of water to be drained to assess the channel adequacy. The hydraulic performance graph 
(HPG)method of Yen and Gonzaez is an effective tool for such capacity determination and for bott- 
leneck identification. In this study the method is applied to the campus portion of the Boneyard 
Creek for the May 1995condition. The channel capacity has been found inadequate, capable of 
draining floods having a return period of only a few years depending on the backwater effect of the 
water level at the exit of the channel. Removal of two buildings over the creek and subsequent modi- 
fication of the channel between Burrill Avenue and Firelane during 1993-95 increase the capacity 
locally but not the channel between Wright Street and Lincoln avenue as a whole. Bottlenecks along 
the channel for different downstream exit water levels are identified, most seriously around the Ma- 
thews Avenue Bridge, near the footbridge behind Daniels Hall, and around the Gregory Street 
Bridge. Removal of these bottlenecks cannot provide the additional capacity needed to solve the 
Boneyard flooding problem on campus. In view of the existence of a 3-ft drop of the channel bed 
at Lincoln Avenrle Bridge, four different alternatives of deepening the channel bed are investigated. 
The alternative of lowering the bed of 1 ft is inadequate. The alternatives of deepening the entire 
bed by 2 ft  or 3 f t  or linearly from 0ft to 2 ft improve the channel capacity to a desirable level, espe- 
cially if the bottlenecks identified are also removed locally. The linear deepening alternative yields 
a channel capacity curve almost identical with that of deepening the entire channel by 2 ft. 
KEVJORDS -Backwater curve/ *Boneyard Creek/*Bottleneck identification/*Channel ca-
pacity/Channe! flowlDrainagelFlod flow.W-oodfrequency/Hydraulic capacity/Hydraulic per-
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1. INTRODUCTION 

Theportion of the Boneyard Creek flowing through the north campus of the University of 
Illinois at Urbana-Charnpaign has been observed to have a rather limited flow capacity, resulting 
in considerable flood damages along its course over the years. Apparently, flooding of the creek 
is the result of a combined effect of the occurrence of climatic extremes, continuing urbanization 
and land-use changes over a century, and inability of the Boneyard channel to adjust and enlarge 
itself to accommodate the increasing flow. There is a continuous local demand to alleviate the 
flood problem on campus as well as in Champaign. 
One way to assess the degree of seriousness of the flood problem is to determine hydrauli- 
cally the capacity of flow that the channel can c a q  without flooding and compare it with the peak 
flood discharges of different frequencies (return periods) determined from a hydrology analysis. 
In the past this approach was not adopted because there existed no effective method to determine 
. 
the capacity of a series of channels under backwater conditions. Recently anew method for deter-
mining the hydraulic capacity of a channel system based on hydraulic performance graphs and 
rating curves was introduced by Yen and Gonzilez (1994). The carrying capacity of a channel is 
the discharge for which spilling overbank is about to occur anywhere within the channel. For a 
channel consisting of a number of reaches the capacity of the channel system is a function of both 
the water stage at its exit and the discharge variation in the upstream direction due to the lateral 
flow from local runoff draining into the channel. A hydraulic performance graph (HPG)is a set 
of curves showing the relationship between the upstream and downstream water stages for differ- 
ent discharges in the channel reach, essentially summarizing the characteristics of the flow pro- 
files obtained from backwater computations. The method has been applied to determine the ca- 
pacity of the Campus portion of the Boneyard Creek for the pre-1993 conditions (Yen and 
Gonzilez, 1994). However, a significant portion of the creek on campus hasbeen modified in the 
period 1993-1995. 
The objective of this study is to determine the hydraulic carrying capacity of the portion 
of the Boneyard Creek on campus between Wright Street and Lincoln Avenue for the condition of 
May 1995. This is an updating of the capacities reported previously in Yen and Gonzidez (1994). 
The determined channel capacity is matched with the flood peak frequency curve proposed by the 
Water Resources Division of the Illinois Department of Transportation to determine the return 
period of the flood that the creek can carry. The bottlenecks together with their threshold dis- 
charges along the channel are also identified by using the HPG's. Furthermore, a number of chan- 
nel improvement scenarios, ranging from removal of certain bottlenecks to deepening of the 
channel are also investigated. Although this report addresses mainly on the Boneyard Creek, the 
method is applicable to other drainage channels. 
2. DESCRIPTION OF BONEYARD CREEK ON CAMPUS 
Boneyard Creek drains an area of 3.21 square miles of the City of Champaign when it 
enters the University of Illinois campus at the downstream side of the Wright Street bridge. The 
stretch of the Boneyard on the north campus of the University from Wright Street to the upstream 
side of the bridge at Lincoln Avenue as shown in Fig. 2.1 is 2,600 ft (0.49 mi) from station 9+705 
to station 7+105, draining an additional 0.88 sq mi area The cross section of the channel is in the 
order of 10-ft deep and 20-ft wide. Gemoetric information on individual cross sections is given in 
Appendix A. The longitudinal profile of the channel bed (trajectory of the lowest point in a cross 
section) of this stretch of the Boneyard together with the profiles of the left (south) and right 
(north) banks is shown in Fig. 2.2. 
Along this stretch there are five bridges, one footbridge, two utility ducts, and one building 
crossing over the creek. The US Geological Survey Boneyard Creek flow gaging station is located 
in this campus stretch at Station 9+128, within a 2 0 4 4  long reach between Station 9 4 5 2  and 
Station9+256. To enhance the gaging performance the channel bed was artificially raised linearly 
from 9+256 to about one foot higher at 9+128 with paved concrete and drops back linearly to the 
natural channel bed at 9 4 8 8  (Fig. 2.2). Thus, in fact at low flow and small floods this 204-ft 
reach actually consists of three subreaches: an adversely sloped subreach from 9+256 to 9+128, 
followed by a steepslope reach from 9+128 to 9+ 087,which in turn is followed by a mild- slope 
reach from 9+087 to 9452 ,  designated as reaches 6c, 6b, and 6%respectively, in Fig. 2.1. In 
1994 one footbridge and two buildings crossing over the creek between Bumll Avenue and Fire-
lane bridge were removed and subsequently the channel banks were modified (marked as shaded 
modified zone in Fig. 2.1) from the pre-1994 condition reported in Yen and Gonzilez (1994). 
The locations of the bridges and other structures dividing the Boneyard Creek into study 
reaches together with the length and Manning's roughness coefficient of the reaches are given in 
Table 2.1. Major storm sewers entering this stretch of the Boneyard Creek are indicated as heavy 
solid lines in Fig. 2.1. The cumulative drainage areas at key locations along the channel are listed 
in Table 2.2. 


T-I.1- e 1 P- a:&-
r a w a s  &.A LUEULAU~~f C L m dReaches ofBoneyard Creek betweenLincoln Avenue and -W-right St ee t .  
Location Reach1 Reach 
'VPe 
Station Reach 
Length 
[ftl 
Channel 
Bed 
Elevation 
{ftl 
Manning 
n 
W Lincoln Avenue 
Rl Open Channel 270 0.030 
E Gregory Street 7+375 704.3 
B2 Bridge 60 0.030 
W Gregory Street 7+435 704.6 
R2a Open Channel 140 0.030 
Footbridge behind 7+575 705.0 
Daniels Hall 
R2b Open Channel 370 0.030 
E Loomis Laboratory 7+945 706.3 
Cl Closed Top 180 0.030 
W Loomis Laboratory 8+125 706.3 
R3 Open Channel 185 0.030 
E Goodwin Avenue 8+310 706.4 
Channel Bed Condition 
I 
Partiallyearthen banks with gabionr.cobble bottom. I 
A 3-ft drop of channel bed downstream of Sta 7+105. 
Concrete sides and cobble bottom 
Sheet piling and natural bottom with 
some cobbles 
Sheet piling and natural bottom with 
some cobbles 
Sheet piling and natural bottom with 
some cobbles 
Pwriy finished concrete sides and some 
cobbles on the bottom 
Poorlyfinished concrete and stone lined 
sides, some cobbles on the bottom 
cobbleson the bottom 
R=Reach. B=Bridge. C=culvert. 
The first value is for the banks, and the second value is for the main channel bottom. 
Table 2.2 Drainage Area at Selected Locations dong Boneyard Creek. 
b 
Location Station AreaDrained Q&ljQjl 
sq. mi. 
1 
Downstream end of Wright Street Bridge 9+705 3.21 0.99 
Downstream end of Burrill Avenue Bridge 9+335 3 -25 0.94 
USGS gaging station 9+128 3.28 
Downstream end of Mathews Avenue Bridge 8+785 3-46 
Downstream end of Goodwin Avenue Bridge 8+310 3.64 
Upstream end of Lincoln Avenue Bridge 7+105 4.09 
_r 
These values are estimated only at locations where sewers with important lateral flow 

contributions discharge into the creek. 

3. IIYDUULIC PERFORMANCE GRAPHS FOR STUDIED REACHES 
The geometry, alignment and wall roughness of a drainage c h q e l  system usually show 
reachwise variation. Also, whereas some reaches have no restriction to fiow as open channel, 
others, as closed-top reaches, may shift from open channel flow to surcharged conditions under 
high flow. Furthermore, sewers draining the local areas impose lateral flow variation along the 
channel. In hydraulic analysis the channel system is subdivided into reaches such that within each 
individual reach the channel properties are approximately the same, the lateral fiow variation is 
not significant, and the flow conditions are similar. 
In the method applied here for channel capacity determination the main tools are the hy-
draulic performance graphs (HPG) for open channel flow conditions and rating curves for pres- 
surized flow conditions The theory of the method has been presented in Yen and Gonziilez 
(1994). The procedure to established the HPG for an open-channel reach is given in Appendix B. 
The channel reaches of the campus portion of the Boneyard Creek adopted in this study are listed 
in Table 2.1. The existing footbridge at station 7+575 is relatively short along the creek and its 
lower chord is sufficiently high that it does not constitute a restriction to the flow for the purpose of 
capacity determination; therefore it is not explicitly considered in the analysis. Also, since the 
utility ducts crossing over the creek are located very close to street bridges, they are lumped to- 
gether with the bridge in the same reach for the purpose of this study. Among the 17 reaches 
shown in Fig. 2.1 and Table 2.1, 1 1 of them are open-channel-type, and six, including 5 street 
bridges and one culvertlike building reach, are closed-toptype reaches. 
3.1 HPG9sand Rating Curves for Individual Reaches 
The set of the HPG9sand rating curves (if applicable) for each of the 17 reaches of the 
Campus portion of the Boneyard Creek for the May-1996 channel condition is presented in Figs 
3.1 to 3.17. In theHPGthe Z-line represents horizontal water surface along the channel reach, the 
N-linedenotes normal (steady uniform) flow, and the C-curve indicates flow with critical depth 
at the exit (channels with non-steep slope) or at the entrance (channels with steep slope) of the 
reach. The BPG's are constructed in discharge increments of either 100 or 200 cfs, within the 
elevations range of non-flooding open-channel flow conditions in the reach, by using the method 
described in Appendix B. The standard step method is used for the backwater computation. Many 
of the channel cross sections do not have simple regular geometry, therefore the channel reaches 
cannot be treated as prismatic. For these reaches the Army Corps of Engineers' water surface pro- 
files computer program HEC-2 (Hydrologic Engineering Center, 1982)was used for the backwa- 
ter profile computations. For bridge reaches where the channel can be considered as prismatic 
backwater computations were carried out by using a computer program especially written for this 
study. 
The rating curves of the 6 closed-top reaches were constructed considering the flow as 
flow through closed conduits accounting for the friction loses, as well as for entrance and exit 
losses. 
3.2 Hydraulic Capacities of Individual Reaches 
Yen and Gonziilez (1994) defined the absolute maximum carrying capacity of a channel 
reach (Qamcrr)asthelargest discharge the reach is able to convey when the water depth at its 
exit station is criticalwhile there is no bank overflow,and the maximum uniformflow capac-
ity (Qnmax)is the maximum steady-uniform-flow discharge that the reach can convey ei-
ther as the flowjust about to spill overbank, or as the flow reaching a surcharged condition. They 
also defined the maximum surcharged-flow capacity ( Q S ~ )as the discharge under pressurized 
conduit flow condition that a closed-top reach can convey'when the upstream water surface is at 
the banklkll stage and the downstream water elevation is at the crown level of the bridge or culvert 
opening. The water surface profiles corresponding to these three different capacities together with 
the surface profile for the capacity with an intermediate exit water level are shown in Fig. 3.18 as 
an example of an open-channel reach, and in Fig. 3.19 for a closed-top reach. It should be clear 
that the reach hydraulic capacity is not unique but dependent on the downstream exit water level. 
The values of Qamax and Qnnzax for the reaches can be read from their individual HPG. 
These values and the computed values of Qsmcrr are presented in Table 3.1. It can be observed that 
for ail the closed-top reaches @mar <Qsmcu. 'The maximumcapacities do not increase orderly 
reach by reach towards downstream. Those with low Qcu~1:and Qnmar are likely candidates of 
bottlenecks causing flooding in the drainage system. 
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Fig. 3.1 HPG for Reach 1 (W Lincoln Ave to EGregory St form Sta 7+105 to Sta 7+375). 
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Downstream Water Surface Elevation [ftl 
Fig. 3.242 HPG for Bridge 2 (Gregory Stfrom Sta 7+375to Sta 7+435). 
Fig.3 2  Rating Curve for Bridge 2 (GregorySt from Sta 7+375 to Sta 7+435). 
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Downstream Water Surface Elevation [m 
Fig. 3.3 HPG for Reach 2a (W Gregory St to Footbridge behind DanielsHalI from Sta 7+435 to Sta 7+575). 
Fig. 3.4 HPG for Reach 2b (Footbridge behind DanieIs Hall to ELoomis Lab from Sta 7+575 to Sta 7+945). 
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Downstream Water Surface Elevation [fa 
Fig. 3.52 FPG for Culvert 1 (LoomisLab from Sta 7+945 to Sta 8+125). 
Fig. 3 . 3  Rating Curve for Culvert 1 (Loomis Lab from Sta 7+945 to Sta 8+125). 
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- Fig. 3.6 HPG for Reach 3 (W Loomis Lab to EGoodwin Ave from Sta 8+125to Sta &310 ). 
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Fig. 3.7a FlPG for Bridge 3 (GoodwinAve from Sta 8+310toSta Si-385). 
Fig. 3.7b Rating Curve for Bridge 3 (Goodwin Ave from Sta 8+310 to Sta 8+385). 
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Fig. 3.8 HPG for Reach 4 (W Goodwin Ave to EMathews Ave from Sta 8+385 to Sta 8+785). 
Fig. 3.9a HPG for Bridge 4 (MathewsAve from Sta 8-i-785to Sta 8+845). 
Fig. 3.9b Rating Curve for Bridge 4 (Mathews Ave from Sta %785 to Sta 8+845). 
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Fig. 3.10 EIPG for Reach 5 (W Mathews Ave to E Firelane from Sta 8+845 to 9+022). 
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Fig. 3.Ua HPG for Bridge 5 (Firelanefrom Sta 9+022 to Sta 9+052). 
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Fig. 3.12 HPG for Reach 6a (W FireJane to Fire Station Building from Sta Pt052 to Sta 9+087). 
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Fig.3.13 HPG for Reach 6b (WFire Station Building to USGS Gaging Stationfrom Sta 9+087to St.9+128). 
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Fig. 3.1Q HPG for Bridge 7 (Burrill Ave from Sta 9+335 to Sta 9+430). 
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Fig. 3.16b Rating Curve for Bridge 7 ( B u d  Ave from Sta 9+335 to Sta 9+430). 
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Fig. 3.17 HPG for Reach 8 (W Burrill Ave to E Wright St from Sta 9+430 to Sta 9+705). 
Table 3.1 M h u m  Capacities of Individual Reaches of Boneyard Creek between Wright Street and 
Lincoln Avenue, Condition of May 1995. 
Absolute maximumcapacity. Maximumuniform flowcapacity. Maximum surchargedcapacity. Undefined maximum differenceof water stage. 
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Fig. 3.18-Water Surface Profiles for Different Threshold Hydraulic Capacities in Open-Channel Reach 4. 
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Fig. 3.19 Water Surface Profilesfor Different Hydraulic Capacities in CIosed-Top Reach Bridge 7. 
4. CHANNEL SYSTEM CAPACITY AND BOTTLENECK DETERMINATION 
The capacities described in the preceding chapter serve as reference limiting values for the 
individual channel reaches when each reach is regarded as an individual, acting independently of 
other reaches. When the connecting reaches are considered interacting as a system the overall 
channel capacity is different from any of the capacity values of the individual reaches. For an 
open-channel system the backwater effects of connecting reaches usually prevent the exit depth 
of interior reaches to become critical. Therefore, the absolute maximum capacity, Qamar, of a 
reach serves as the upper bound provided open channel flow prevails in the reach and also in adja- 
cent reaches upstream and downstream. For a closed-top reach the upper bound is the larger of 
Qamar and Qsmux. For an open-channel reach connected to a closed-top reach at either its up- 
stream or downstream, or both, the upper bound is the larger between Qamux and the largest dis- 
charge allowed under submerged exit or entrance condition of the open-channel reach. The ca- 
I 
pacity of the system of reaches of the channel as awhole cannot exceed the smallest of the upper 
bound of the individual reaches just mentioned, adjusted for lateral flow entering the interior 
reaches in the channel. However, the location of the bottleneck which determines the capacity of 
the channel as a system may not, and often is not in this reach of smallest upper bound, and in such 
a case the system capacity is smaller than this smallest upper bound. 
4.1 Hydraulic Capacity of Boneyard Creek on Campus 
The set of the HPG's and rating curves for the individual reaches of achannel system can 
be used together in sequence to determine the capacity of the channel as a system. The overall 
capacity is defined as the discharge exiting the last reach of the channel system at the threshold 
condition that the flow is about to spill overbank at a spot anywhere in the system. The discharge 
in a reach inside the system corresponding to the exit capacity is lower if there is lateral flow enter-
r ~ a r hnhvinllclv thic ~ h a n n m linu the nvstem b.twpen this r ~ n r h2nd the e ~ i t  cx r c t nm r e n e n i t t r ;L. -
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function of the exit water surface level. The maximum channel system capacity occurs when the 
critical depth occurs at the system exit. An example of the dependency of the overall channel 
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Fig 4.1 Flow Capacities and Water Surface Profiles of Boneyard Creek between Wright Street and Lincoln Avenue for Two Exit Water Levels, May 1995 Condition. 
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system capacity on the exit water stage and the lateral-flow-induced variation of discharges 
along the reaches is shown in Fig. 4.1. 
The method of using RPG's for capacity determination was proposed by Yen and 
Gonzdez (1994). The procedure is reproduced as Appendix C in this report. By using this meth- 
od, the channel system capacities for the two exit water stages shown in Fig. 4.1 were determined. 
The lower stage, 707.7 ft is the case that the exit depth is critical, and hence the exit discharge, 842 
cfs, is the maximum hydraulic carrying capacity of the channel as a system. The overall channel 
system capacity decreases with increasing exit water stage as shown in Fig. 4.2. It can be seen 
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F I ~ .4.2 	 HycSradic Capacity Curve of Boneyard Creek between -Wright Street and LincolnAvenue 
as Function of Exit Water Level, May 1995 Condition. 
from Figs. 4.1 and4.2 that a 76% increase of exit depth from stage 707.70ft to 71 1.00 ft results in 
a 39% decrease in capacity, from 842 cfs to 515 cfs. Note that the individual reach capacities 
Qamux, Qnmux and Qsmar given in Table 3.1 are poor indicators of the channel capacity under 
actual flow condition with backwater effects when the channel reaches are working together as an 
interacting system. 
Furthermore, it can been seen from Fig. 4.1 that because of the lateral inflow contribu- 
tions the allowed flow in the upstream reaches is lower than the channel system capacity which is 
the discharge at the system exit. Lateral flow contributions to channel discharge from the sewers 
draining local areas into the creek have been evaluated following the procedure described in Ap- 
pendix Cby assuming that significant contributions occur only at Burrill, Mathews, and Goodwin 
Avenues. The average land-use conditions in all the subcatchment areas draining into the studied 
portion of Boneyard Creek are similar, thus the runoff coefficient C is approximately constant. 
The computed discharge ratio between the upstream and downstream reaches of the main chan- 
nel, Q(j-l)/Qj, is given in Table 2.2. For the maximum capacity of 842 cfs for the May 1995 
condition shown in Fig. 4.1, the allowed flow for reaches between the downstream sides of Ma- 
thews and Goodwin bridges is only 749 cfs, between Bumll and Mathews bridges is 712 cfs, and 
between Wright and Bumll bridges is 669 cfs. 
One may wonder how much improvement on the channel capacity was accomplished as a 
result of the changes made during 1993-1995 by removing two buildings and one footbridge over 
the creek and modification of the channel between Bumll Avenue and Firelane. A comparison of 
the overall channel capacity curve for the May 1995 condition with the capacity curve for the 
pre-1993 condition given in Fig. 5.36 of Yep and Gonzaez (1994) indicates that if the modifica- 
tions are far upstream practically there is no change in the overall capacity of the campus portion 
of the Boneyard Creek. A comparison of Table 3.1 wit! the corresponding table in Yen and 
Gonzaez (1994) reveals that only around Reach 67 the capacity has been noticeably increased. 
Therefore, essentially the modifications affect only the local capacity of the creek between 
Wright Street and Mathews Avenue. This is illustrated in Fig. 4.3. 
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Fig. 4 3  	 Hydraulic Capacity Curvesof Boneyard Creekbetween Wright Street and West Side of 
Mathews Avenue for Pre-1993and May 1995 Conditions. 
4.2 Flood Frequency of Channel Capacity 
Thechannel capacity can be determined hydraulically asdemonstrated in this report. This 
capacity should be compared with the demand, i.e., the magnitude of the storm flood to be drained 
to determine if the channel capacity is adequate or there is a flood problem. The determination of 
the storm flood is a hydrology problem which is beyond the scope of this report. Conventionally 
the storm runoff is represented by a flood frequency relationship, usually expressed as peak flood 
discharge values for different return periods. 
There exists no accurate flood frequency relationship for the Boneyard Creek despite the 
existence of good flow record at the USGS Boneyard Gaging Station at 9+128 on campus. These 
data should be adjusted according to the degree of urbanization of the watershed and such a study 
has yet to be conducted. 
Meanwhile, the flood frequency suggested by the DOT Division of Water Resources 
(1986) is adopted here as an approximation. The relationship is shown in Fig. 4.4 in terms of peak 
flood discharge Qp vs the return period in years. It should be emphasized that this curve is 
adopted as a demonstration while the true Qp of different return periods for the May 1995 wa-
tershed condition may be higher than that shown in the figure. The frequency of the flood that the 
channel capacity can cany is obtained by combining Figs. 4.2 and4.4 through equating and elimi- 
nating the discharge in the two figures. The discharges shown in Fig. 4.2 are those at the exit reach 
of the W C  campus portion of the Boneyard channel system; they are adjusted to the 
corresponding discharges at the USGS Gaging Station when Fig. 4.4 is used. The resulting chan- 
nel capacity flow frequency relationship is shown in Fig. 4.5 expressed in terms of the channel 
capacity at the exiting cross section at Lincoln Avenue Bridge. In this figure at the return period 
T,= 1 year the water stage at the exit station 7+ 105 is at 711.19 ft which is slightly below the 
criticalbank elevation(71 1.20 ft), and the overall channel capacity is 70.8cfs. It can be seen from 
this figure that for the likely water stages at the channel exit at Lincoln Avenue Bridge, the carry- 
ing capacity of the channel has a return period in the order of 10years or less. 
10 
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Fig. 4.4 Frequency of PeakFlood Discharge at USGSGaging Station According to IDOT (1986). 
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Fig. 45  Flood Stage Frequency of Campus Portion of Boneyard Creek May 1995 Condition. 
4 3  Bottleneck Identification 
One of the useful information the method of Yen and Gonzdez provides is the identifica-
tion of the location and magnitudeof bottlenecks in achannel systemthat determines the capacity 
of the channel. The bottleneck is the location where the water is about to spill overbank or violate 
specified restrictions. 
As shown in Fig 4.1, for the May 1995conditionat the channel system maximum capacity 
of 842 cfs the controlling bottleneck is overflow at the upstream side of the Mathews Avenue 
Bridge. For increasing exit water stage the channel systemcapacity decreasesand there is a ten-
dency for the bottleneck location to shift downstream. As shown in Fig. 4.1, for the higher exit 
stage of 711.OO ft the controlling bottleneck shifts downstream to the downstream side of Gregory 
Street Bridge. This shiftrag of the bottleneck location is more clearly shown in the solid-line 
curve for the May 1995condition in Fig 4.2. For the May 1995conditionthe bottienecks identi- 
fied, in the order of low exit stage to high exit stage are: upstream of Mathews Avenue Bridge, 
footbridge behind Daniels Hall, and both upstream and downstreamof the Gregory Street Bridge. 
Collectively these bottleneck locations indicate the regions where improvements can be made to 
increase the channel cqacity. 
5. CAPACITY IMPROVEMENTALTERNATIVES 

As indicated in Section 4.3, the bottleneck location along the channel that controls the 
channel capacity can be precisely identified. One would immediately ask if the channel capacity 
can be substantially improved by removing only a few of the most critical bottlenecks identified. 
Such a possibility for the W C  campus portion of the Boneyard Creek is shown in Fig. 4.2. Re-
moval of the most critical bottleneck at the upstream side of the Mathews Avenue Bridge shifts the 
bottleneck to the downstream side of the same bridge, increasing the capacity insignificantly by 3 
cfs (0.4%). Removal of the bottlenecks at both the upstream and downstream sides of the Ma-
thews Bridge shifts the critical flooding location to the footbridge behind Daniels Hall, which is 
the bottleneck for the May 1995condition when the exit stage is around 710.00ft, the improved 
maximum capacity is 860cfs, a mere increase of 18cfs (2.1%). Removal of all these three bottle- 
necks will not improve the channel overall capacity at all when the exit stage is around 710.50ft 
or higher. Therefore, more dramatic measures must be takenif significant increase of the channel 
Occasional suggestions have been made on deepening the campus portion of the Bone- 
yard Creek In view of the little or no improvement in capacity through removal of identified 
bottlenecks as shown in Fig. 4.2, four alternatives of deepening the channel are considered here- 
with as indicated in Table 5.1. 
Table 5.1 Identifying Notation of Alternatives Considered for Overall Hydraulic Capacity 
Improvement for Campus Portion of Boneyard Creek. 
Alternative Deepening 
O ~ Y  
Deepening and first 
bottleneck removal 
Deepeningand first and 
second bottleneck removals I 
Deepen 1 ft D l  Dlf Dls 
Deepen 2 ft D2 D2f 
Deepn 3 ft n3 D3f 
Linearly Deepen from 0ft at 
Sta 9+128 to 2 ft at Sta7+105 LD LDf 
In the first three scenarios of deepening the entire channel, the first improvement of the 
bottlenecks is a complex one at the portion of the channel between downstream of Mathews Ave- 
nue Bridge and downstream of the Firelane Bridge. Local structural improvements within this 
reach only result in the relocation of the critical point within the reach with insignificant gain in 
capacity. Three different stations have been identified as critical points within the reach: a) up-
stream of the Mathews Avenue Bridge; b) downstream of the Mathews Avenue Bridge, and c) 
downstream of the Firelane Bridge. Since improvement of only one of these critical points is 
rather ineffective, what is referred as the first bottleneck removal for alternatives Dl ,  D2and D3 
includes: a) raising the lower chord of the Mathews Bridge up to 715.50 ft; b) raising the channel 
banks upstream and downstream of this bridge up to 7 15.25 ft ;and c) raising the channel bank up 
to 715.5 ft downstream of the Firelane Bridge. 
In the fourth alternative of linearly deepening the channel by 0 ftjust downstream of the 
USGS Gaging Station at 9+128 to lowering the current bed 2 ft at the west side of the Lincoln 
Avenue Bridge (7+105), the scenario of the first bottleneck removal includes: a)raising the lower 
chord of the Mathews Avenue Bridge up to 7 15.50 ft; and b) raising the channel bank downstream 
of the Wright Street Bridge up to 7 16.75 ft; improvement of only one of them results in a rather 
insignificant increase in channel capacity. 
The second improvement of alternative D l  consists of raising the channel banks around 
the footbridge behind Daniels Hall up to 7 12.00 ft. For altematives D2, D3 and LD, the second 
improvement includes raising the channel bank downstream of the Wright Street Bridge up to 
7 16.75 ft in addition to the modification considered in the second improvement of alternative Dl. 
The bed profiles of these improvement altematives are shown in Figs. 5.1 and 5.4. In each 
figure the water-surface profiles are shown for two channel capacities for the deepened channel 
without removal of any bottlenecks. One profile is for a likely exit water stage of 71 1.00 ft, the 
other is for a less likely exit water stage of 710 ft. 
The HPG method is applied to the different channel improvement alternatives listed in 
Table 5.1 to determine the channel capacity and identification of the location of the bottlenecks in 
each of the cases. The results are summarized in Figs. 5.5 to 5.8 for the capacity as a function of 
the exit water stage over the most likely range between 710.00 ft and 711.20ft for deepening the 
entire channel by 1,2, and 3feet and by linearly from 0 feet at the USGS Gaging Station to 2feet at 
the channel exit at the west side of the Lincoln Avenue Bridge. In each of the figures curves of 
reference conditions such as that for the present (May 1995) condition are also shown for compar- 
ison. Furthermore, the flood return period of the channel capacities for these alternatives can also 
be estimated roughly by using the approximate flood frequency curve of IDOT (Fig. 4.4). The 
result is shown in Figs. 5.9 to 5.12 for the four improvement alternatives, respectively. 
It can be observed from Figs. 5.5 to 5.7 that deepening the channel increases the capacity 
of the campus portion of the Boneyard Creek significantly whereas removal of the bottlenecks 
only improves the capacity relatively locally. Examination of these three figures indicates that 
deepening of the upstream portion of the channel is not very effective in improving the overall 
channel capacity. On the other hand, the channel around the USGS Gaging Station has been 
paved with concrete to improve the stream gage performance. It is therefore reasonable to try to 
preserve this portion of the stream bed and to deepen only the channel downstream. These reason- 
ings led to the alternative of deepening the channel bed linearly from 0 ft immediately down- 
stream of the USGS Gaging Station to 2 ft below the current bed at the channel exit at the drop 
west of the Lincoln Avenue Bridge, station 7+105. Considerable amount of earth work can be 
saved with this option, while as shown in Fig. 5.8 the overall capacity for exit water levels greater 
than 710.75 is nearly the same as that of deepening the channel by 2 ft throughout. Moreover, if 
the fxst and second bottlenecks areremoved (scenario LDs) the capacity canbe improved signifi- 
cantly if the exit stage is at 710.75 ft or below. As an example, the water surface profiles for two 
different flow capacities for this case are shown in Fig. 5.13. As shown in Figs. 5.6 and 5.8, the 
capacity curves for cases D2s and LDs are comparable. From Figs. 5.10 and 5.12 it can be seen 
that for these two cases the improvements increase the flood protection level in terms of the return 
period by twofold when the exit water stage is high, and by almost an order of magnitude when the 
exit water level is low. 
The overall channel system capacity and the corresponding flood return period for the al-
ternatives evaluated are summarized in Table 5.2 for comparison. Because of the time and re-
sources limitations other worthwhile alternatives ase not evaluated and should be considered in 
the fkture. For instance, from the values in this table and examination of Figs. 5.5to 5.8 and con-
sidering the most likely exit water stages around 7 10.5 ft to 7 11.0ft, further removal of the third 
bottleneck around Gregory Street Bridge is desirable. Also, for easy reconstruction the case of a 
uniform bed slope with increasing deepening from 0 feet deep excavation at the USGS Gaging 
Station (Sta 9+128) to 2 ft deep excavation at the exit station (Sta 7+105) is worthwhile for further 
investigation. 
Sometimes it is desirable to assess the impact of removal of aparticular obstacle in astorm 
drainage channel. For example, the Mathews Bridge as well as the low banks around it has been 
identified as the first bottleneck for the May 1995 condition and for the alternative of deepening 
the entire channel by 1 foot. It will interesting to check the impact of removal of this bottleneck. 
This can be shown in a diagram like that in Fig. 5.14 which is plotted from the data presented 
previously in this report. It can be seen from this figure that when the shorter channel stretch 
between the east side of Wright Street and the west side of Goodwin Avenue is considered, the 
Mathews Avenue Bridge is the controlling bottleneck over the exit water stages at Goodwin Ave- 
nue (8+385) between 710.0 ft and 714.2 ft. Conversely, for the longer stretch between Wright 
Street and Lincoln Avenue the Mathews Avenue Bridge is a controlling bottleneck over the exit 
stages at Lincoln Avenue (7+105) between 706.0 ft and 710.0 ft. Within this controlling bottle- 
neck ranges removal of the Mathews Avenue Bridge improves only slightly the overall channel 
capacity for the longer stretch between Wright Street and Lincoln Avenue, whereas the increase 
of the overall channel capacity is rather significant for the shorter stretch of the Boneyard between 
Wright and Goodwin. 
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Fig. 5 5  	 Improvement of Overall Capacity of Boneyard Creekbetween LincolnAvenue and Wright 
Street by Deepening Entire Channel by 1 it. 
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Fig. 5.7 	 Improvement of Overall Capacity of Boneyard CreekbetweenLincoln Avenue and Wright 
Street by Deepening Entire Channel by 3 ft. 
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Fig. 5.8 	 Improvement of O v e m  Capacity of Boneyard Creek between Lincoln Avenue and Wright 
Street by Deepening Channel Linearly from 0 f2at USGS Gaging Station (Sta9+128) to 2 ft 
at Lincoln Avenue Exit (Sta7+105). 
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Fig. 5.9 	 Approximate Re- Period for Overall Capacity of Boneyard Creekbetween Lincoln 
Avenue and Wright Street by Deepening Entire Channel by 1 ft. 
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Fig. 5.10 	 Approximate Return Period for Overall Capacity of Boneyard Creek between Lincoln 
Avenue and Wright Street by Deepening Entire Channel by 2 ft. 
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Fig. 5.11 Approximate Return Period for Overall Capacity of Boneyard Creekbetween Lincoln 
Avenue and Wright Street by DeepeningEntire Channelby 3 ft. 
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Fig. 5.12 	ApproximateReturn Period for Overall Capacity of BoneyardCreek between LincolnAvenue 

and Wright Street by Deepening Channel Lineariy from 0 ft atUSGS Gaging Station (Sta 9+128) 

to 2 ft at Lincoln Avenue Exit (Sta 7+105). 
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Fig. 5.14 Impact of Removal of Mathews Avenue Bridge Bottleneck on Channel Capaity. 
~ ~ ~ ~ ~ 
6. CONCLUDING REMARKS AND RECOMMENDATIONS 
The hydraulic performance gaph (RPG)method of Yen and Gonzdez (1994) is an effi-
cient tool for identification of bottlenecks of drainage channels in flood delivery and for evalua- 
tion and comparison of the effectiveness of channel improvement altematives. By using this tool 
the hydraulic canying capacity of the University of Illinois campus portion of the Boneyard 
Creek between Wright Street and Lincoln Avenue is determined accounting for the backwater 
effects from downstream. Also, the locations of the bottlenecks controlling the capacity at differ- 
ent exit water levels are identified. 
The result confirms that the Boneyard Creek at the present condition (May 1995)is inade- 
quate, delivering floods with a return period of only a few years depending on the exit water level. 
rpkb -,.J:.F;-..+;,.-- L-~,,,,, inn3 ---IInnr -- AL- ----,-I- -r AL - = 
11G 1 ~ 1YYJ 011 ~ ~ ~	 ~1 VGLWGGLI 177;) uu ~	 ~ult: suetcn or me rroneyarci Creek benveen the 
bridges at Bunill Avenue and Firelane improved the capacity locally but not the capacity of the 
I 
channel between Wright Street and Lincoln Avenue as a whole. 
This investigation also reveals that removal of identified local bottlenecks done cannot 
provide the additional capacity required to solve the Boneyard flooding problem on campus. In 
view of the existence of a 3 ft drop at the exit at the west side of Lincoln Avenue, four alternatives 
of deepening the channel bed upstream of this drop are considered. Except the alternative of 
deepening the entire channel by 1feet, the other three alternatives improve the channel capacity to 
the level desired to solve the flood problem, especially if the bottlenecks identified are also re- 
moved locally. 
Despite the feasibility of any of the three alternatives, the results indicate that a more ef- 
fective improvement options exist and they are worth of further investigation. Particularly, the 
followings should be considered: 
(1) 	 A channel with uniform bed slope between the USGS Gaging Station and the exit at the 
drop west of Lincoln Avenue, with deepening the channel bed by 2 ft or 3 ft at the latter 
location and 0ft at the former. This improvement should be in conjunction with removal 
of the bottlenecks around the Mathews Avenue Bridge, downstream of the Wright Street 
Bridge, near the footbridge behind Daniels Hall, and around the Gregory Street Bridge. 
2) In conjunction with (1) above, especially if the deepening at Lincoln Avenue is 2 ft,con-
sider the possibility and effectiveness of local off-line detention storage upstream or 
downstream of the Gregory Street Bridge. Such detention is particularly important if 
there is a limitation on the flow allowed to discharge downstream to the city of Urbana. 
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Cross Sectional Geometry of Boneyard Creek on University of ilIinois Campus 

1 	 I 
1 	 I C r o s r ~  Cmtasectiom
- 1 Stn 7245 	 Sta 7325 
- - - - -
I I 10093 711.50 : 10093 711.40 
1015.2 70860 1015.2 708.70 
10182 704.80 1018.2 704.90 
1019.6 704.30 
1025.1 704.40 
10302 703.90710 10342 704.10 
1035.5 704.90 
1037.1 707.10 
10429 711.40 
I 
I I I 
I I I 
1 	 I I I I I I 
I -

1 I 1 I I I I 

-
I I I I I 1 I 
I I I I I 1 

I I I I 1 1 I 

I I I I I I I

-
6 	 1 I I I I I 

I I I 1 I
l l l l . l l l l ' l l l l ' l l l l ' I I I I ' l I 1 l ' I I I I ' I l l !  700 
lo05 1010 101s 1020 1025 1030 1035 1040 1w 
Cmrr Section Sta 7435 
10558 712.30 
710.a 10, 
l l l l 
- - 
I I I I J l l l l ~ l l l l ~ ~ ~ ~ l ~ ~ l ~ ~ ~ l l l l ~ 
Stu 7450 k 7525 
1083-0 711.80 -
I 
I 
I 
1 
I 
I 
Cm8a Sectiolm 
Stn 7575 & 7580 
1085.0 71160 
1 
4 
-
1085.8 71060 
1092.9 706.40 
I 
I 
I 
I 
1085.8 
10929 
710.80 
706.40 -
1096.0705.00 1096.0 705.00 I 
1097.3 704.70 1097.3 704.70 
11 00.1 704.70 
1105.3 705.00 
1109.8 705.70 
1109.9 71324 
Cmn WOMSta 8210 
1-
cmt.Ssction 
Sta 8405 
993.8 714.90 
1OOaO 714.40 
714.10 
1007.4 706.65 
1012.3 708.80 
1016.0 706.60 
1017.9 70651 
, 1421.1 706.51 -

1027.9 706.55 

1028.0 705.60 

1029.4 715.10 

10562 71530 

1 I 1 
I I 

I I 

I I 

I I 

Cnwr sadim 
Sto 8592 

995.9 714.70 

lOUO.0 714.70 

1008.8 713.70 

1009.0 706.80 

1m.170655 

1015.9 70660 

1027.0 706.70 

10272 706.90 

1027.4 709.90 

1028.0 71410 

1035.7 715.70 

1042.1 715.90 

Cm+. secthl 

Sta 8745 

987.2 714.9 
1003.0 714.6 

1003.9 7143 

1007.0 713.6 

CrwrSIcCion 
Stn 8845 
1002.0 714.8 

lOOS.2 714.9 

1009.0 7136 

Cmaa kdbn Sta 9022 
1015.0 717.00 
1015.0 70720 
cm88s.ctlon 
Sta 9128 
964.0 715.70 
964.1 709.26 
9710 709.26 
W2.0 709.26 
9621 715.70 
I 1 
I I 
Crosa Secuon 
Sta 9430 
9484 716.0 
959.3 715.5 
965.3 714.2 
965.6 709.0 
970.1 7083 
975.2 708.2 
980.0 708.5 
982.1 708.9 
982.3 714.4 
986.1 714.5 
987.9 715.3 
996.1 716.2 
I : : I I I I I I 1 I I I I 
7, 
1 
- 1 
I 
I 
1 
I 
l 
I 
1 
1 
t 
I 
1 
I 
l 
I 
I 
I 
l 
I 
l 
I ,  
I 
I 
I 
1 
I 
I 
l 
1 
I 
I 
l 
1 
I 
I 
1 
1 
I 
I 
l 
I 
l 
I 
4 
I 
I 
I 
I 
l 
I 
8 
l 
l 
I 
1 
l 
1 
I ,  
1 ~ 1 1 l 1 1 1 1 1 1 1 
l l l l - l l l l * ~ l l ~ l l l l * l l l ~ n l l I 1 ~ l I 1 l l I I * ~  
9% 935 940 945 950 955 960 965 970 975 980 985 990 9 
APPENDIX B 

Procedure to Establish Hydraulic Performance Graph 

The theory of hydraulic performance graph for subcritical flow in open channels has been 
described by Yen and Gonz5lez [1994). The aim of this appendix is to present h e  prncerlllre tn 
establish hydraulic performance graphs for subcritical flow in channel reaches with either mild- 
slope or steepslope. The HPG's for subcritical flow profiles in horizontal-slope and adverse- 
slope channels are similar to those in a mild-slope channel without the N line because for these 
two cases the normal depth is infinity and imaginary, respectively. 
For a given open channel reach with a mild slope the procedure to establish the hydraulic 
performance graph (HPG) can be summarized as follows: 
a)Determine the ranges of depths or water surface elevations to be considered at the two 
ends of the channel reach. 
b) Determine and plot the Z line for which the water surface elevations are equal at the 
upstream and downstream ends, or, yd =y, +SoL, whereS, is the channel slope and 
L is the reach length. 
c) Determine and plot the NIine which is the 45" - line at a distance equal to So L to the 
left of the line, and on whichyd =y, 
d) For a chosen discharge Q compute the normal flow depth y, =y,  =yd and mark this 
point on the N line for this Q. 
e )  For the chosen Q considered in step (d), (i) by using the following equation 
A3c/Tc = e2/g (Be11 
in which A, and Tcare the flow cross sectional area and water surface width cone- 
sponding to the critical depth y,, and g is the gravitational accelerating, compute the 
critical depth at the downstream end of the channel reach; (ii) perform the backwater 
computation for the given Q and y, at the downstream end to determine the cone- 
sponding upstream depth y, ;(iii) plot the result of this set of y,, yd and Q values as 
one point of the Ccurve on the HPG and the beginning point of the lydraulic perfor- 
mance curve of the chosen discharge. 
f)For the Q chosen in step (d), select a feasible downstream depth yd and perform a 
backwater computation to determine the upstream depth y, . This pair of (yd, y,) 
constitutes a point of the hydraulic performance curve for this Q. 
g)Repeat step V )forafew selectedyd 's such that are sufficient airs of (yd, y,) values to 
plot the hydraulic performance curve for the chosen Q. Tile curve starts at the C 
curve,crosses the N Zine and approaches asymptotically to tke Z line for large y, or 
Yd 
h)Select different feasible discharges and repeat steps (d)to (g) to establish the hydrau- 
lic performance curves for different Q's. 
i) Connect the critical-depth Cpoints computed for different discharges as the Ccurve 
on the HPG. 
A hydraulic performance graph for mild-slope channels is schematically sketched in 
Fig. B. 1 
Fig. B.l Schematic Hydraulic Performance Graph for Mild-Slope ChanneL 
To establisk the HPG for SI-backwater profiles in a steepslope channel the steps are as 
follows: 
a)Determine rhe ranges of depth or water surfaceelevations to be considered at the two 
ends of the channel reach. 
b) Determine and plot the Z line for which the water surface elevations are equal at the 
upstream and downstream ends, or, yd =y, + SoL. 
C )  Determine the value of a which corresponds to the condition at which the critical 
depth is equal to thz normal depth, i.e., y, =y, ,or equivalentlythe critical discharge 
is equal to the nornal flow discharge, ie., Q, =Q The value of y, =yc can be ob-
tained by using the following equation 
R ~ ~ / ~Ts/As = g n2/ irR2 So (B-2) 
in which n is Manning's resistance coefficient, KR= 1,1.486 or depending on the 
measurementi?nitsused (Yen, 1992). This depth is the water depth corresponding to 
the minimum discharge,a,for which the the channel sloperemains steep, and with 
this depth a can be compute by using Eq. (B.1). 
d)For a chosen Q 2 a,(i) use Eq. (B. 1)to compute the criticaldepth yc at the upstream 
end of the channel reach; (ii) perform the backwater computationfor the specified Q 
starting with the correspondingy, at the upstream end of the reach to determine the 
downstream depthyd; (iii) plot the result of this set of Od, yu =yc) as one point of 
the C,curve on theHPG and the beginningpoint of the hydraulicperformancecurve 
of the chosen discharge. 
e )For the Q chosen in step (d),select a feasible downstreamdepth yd (greater thanyd on 
Cupoint) and perform the backwater computation to determine the upstream depth 
y, .This pair of Old, y,) constitutes a point of the hydraulicperformancecurvefor this 
Q 
flRepeat step (e)for a few selectedyd 's such that for the chosen Q there are enough pairs 
of (yd, y,) values to plot the hydraulic performance curve for this Q.  The curve starts 
at the C, curve and approaches asymptotically to the Z line for large y, andya 
g)	Select a different discharge, Q >a and repeat steps (d)to if)to establish the hydraulic 
performance curve for this chosen Q. Repeat this step for other feasible discharges, 
to establish hydraulic performance curves for different Q's. 
h)Connect the critical-depth C, points computed in step (d)for different discharges as 
the C, curve on the HPG. 
A hydraulic performance graph for SI-backwater profiles in a steepslope is schemati- 
cally sketched in Fig. B.2 
SOL 
 Yd 
Fig. B2SchematicHydraulic Performance Graph for Steep43lopeChannel. 
For the backwater proffie computation in steps (e)ii and 01 for mild-slope channels and 
steps(d)iiand (e)for steepslope channels, there exist many methods (Chow, 1959)and computer 
programs that can be selected as appropriate to the particular cases. For natural channel one popu- 
lar backwater computation method is the standard step method. 
APPENDIX C 

Method to Determine Hydraulic Capacity of Drainage Channei System 

The hydraulic capacity of a channel system as a whole is defined as the discharge that the 
channel system can carry when the the flow is about to spill overbank anywhere within the system. 
To apply the method to determine the hydraulic capacity of a drainage channel system to be de- 
scribed in this appendix, the channel system has fust to be subdivided into reaches such that with- 
in each reach the geometry, alignment, and roughness are approximately the same and there is no 
significant lateral inflow within the reach. For subcritical flow the system capacity is a function of 
the tailwater level at the exit of the most downstream reach. While the flow capacity of each reach 
can be determined individually from its HPG, the hydraulic capacity of the channel as a system 
should be determined by accounting for the backwater effect between the reaches and the signifi- 
cant lateral flow joining the channel. One of the most important factors affecting the hydraulic 
capacity of a drainage channel system is the lateral flow contribution to the channel discharge. 
The aim of this appendix is twofold, i) to describe a procedure to determine the relative discharge 
variation along adrainage channel based on the rational formula, and ii) to describe the procedure 
of capacity determination for a channel drainage system based on hydraulic performance graphs 
and rating curves. 
C.l Procedure to determine the relative discharge variation along channel 
Concerning the lateral flow entering the channel at cross sections between reaches, if its 
magnitude has been predetermined, the discharge in the channel downstream of the lateral sewer 
is simply that of the upper channel reach plus the sewer lateral flow. However, in most cases the 
lateral flow determination is a part of the drainage problem and the value is not predetermined. 
The determination of the channel flow capacity is a hydraulic problem, whereas the determina- 
tion of how much is the lateral flow is basically a hydrologic problem. There exist numerous 
methods and models to estimate rainstorm runoff from watersheds. Despite (and perhaps due to) 
its simplicity, the rational method is probably the most widely used one for storm sewer design. In 
the rational formula 
Qp = CiA (C.1) 
in which A is the area to be drained, i is the rainfall intensity corresponding to a specific rain 
duration, C is the runoff coefficient, and (& is the peak flow rate being sought. This formula 
permits a simple procedure to estimate the ratio of lateral flow to the main channel flow for chan- 
nel capacity determination. 
As shown schematically in Fig. C. 1, the area drained by channel reachj-I is A, and the 
Fig. C.l SchematicRepresentationof Discharge Variation along Drainage Channel. 
corresponding discharge is Qu = C,i A, , where C, is runoff coefficient for the area drained. 
The lateral flow joining the channel at the downstream end of reach +I is Q L ~ -I). The sewer 
delivering the lateral flow peak discharge Q L ~ - ~ )drains an incremental local area 
having a runoff Therefore under the rainstorm with intensity i,C L ~ - ~ ) coefficient. 
L - = L - i & . Accordingly, at the junction between reaches +I and j,  
Qj= Q. + Q L ~ - ~ )  (C-2) 
and the ratio between the lateral flow and the flow in reachj-I is 
C.2 Procedure of capacity determinationfor a channel drainage system 
The capacityof a systemof drainagechannels depends on the water level at the exit of the 
systemand the interactingbackwatereffectbetween channelreaches in the system. Thisbackwa-
ter interaction can easily be accounted for by noting the same water surface elevation exists at a 
channel cross section dividing the two adjacent reaches. With the water surface elevation speci-
fied at the exit of the most downstreamreach, the water surfaceelevationat the ends of each reach 
can be determinedusing the RPGs of the adjacent reaches in succession. 
Thus,theprocedureof using the method of openchannelhydraulic performancegraph for 
the determination of flow capacity of a drainage channel system can be summarized as follows. 
(a)Subdividethe channel intoreaches accordingto channelgeometry, alignment, rough-
ness, obstacle structures, and significant lateral flow from major sewers. 
(b)Prepare the HPG for each reach and rating curve for surcharged reaches. 
(c) For the reachjunctions with significant lateral flow, determine the runoff coefficient 
and area of the subcatchments drained by the reach and by the sewer producing the 
lateral flow, respectively. The discharge in the main channel upstream of the junc-
tion, can be estimated from the main-channel discharge downstream of the 
junction, Q,by using Eqs. (C.2) and (C.3), i.e., . 
(d)For the specifiedtailwater elevation at the exit of the entire channel system, guess a 
first-trial discharge, at the last reach that may be the marginal dischargeproduc-
ing a bankfull flow at the most critical point somewhere in the channel system. 
(e) Using the HPG of the exit reach with Qi= Qi,and ydi  known, determine the up-
stream water elevation yUf 
(f) Move on to the next upstream reach i-1,with ydY-
- yu known and Qj-l  = Qj, 
determine y, (i- ,) by using theHPG of this reach. If there is significantlateral inflow 
at the downstream end of reach j-1, the discharge is estimated from Eq. (C.4). 
(g)If the reach j-I being considered is surcharged, determine the water surface increase 
-Ay for Qj-,using the rating curve, and compute y,li-l) - ydti-l)+ AY. 
(h) Repeat steps 0 or (g), whichever is applicable, reach by reach going towards 
upstream until all the reaches in the channel system are considered. Plot the com- 
puted water surface profile together with the bank elevation along the entire channel. 
(i)From the resulting plot of step @) for the trial run with Ql,identi9 the critical point(s) 
' 
of overbank spill in the channel system. 
0)If the computed trial water surface at the critical point is lower than the bank,try steps 
(d) through (i) again with a new QiZ> Qil. Conversely, if the trial water surface is 
above the bank,the new trial exit discharge is Q2 < Q1. Note that for channel capac- 
ity determination, in step (e) the open channel reach crosssection is assumed to con- 
tinue upward without overbank floodplains so .that interpolation in the next step will 
I 
be feasible. 
(k) Repeat step 0)for three or four trial discharges. If the marginal discharge producing a 
bankfull flow at the critical point is not obtained, plot the trial results on a curve of 
water surface elevation at the critical point versus the trial exit discharges Q. The 
marginal discharge can then be read out from the curve with the water surface eleva- 
tion equal to the critical bank elevation. This marginal discharge @ = amis the 
channel system capacity represented as the discharge in the last reach for the speci- 
fied exit water level. 
(I) With Q=amand the specified exit water level ye = ydj,repeat steps (e) through (h) 
reach by reach to determine the channel capacity of each reach and the water surface 
profile for the entire channel system. 
jm) Repeat steps (d) though (I) for different exit water levels io obtain several pairs of 
(arn,ye) values. Plot them to yield the channel system hydraulic capacity curve. 
Note that the largest a .corresponds to the condition that the exit depth is equal to 
the critical depth. 
In a way, the procedure just described for estimating flow capacity based on HPGs and 
rating curves can be thought of as a hydraulic method for capacity determination without hydro- 
logic considerations beyond runoff coefficient estimation. The reason for this is that hydraulic 
performance graphs and rating curves exhaustively summarize reachwise backwater information 
so as to include any possible hydraulic performance situation within the hydraulic capacity of the 
channel. However, there is no reason to constrain this methodology only to channel hydraulic 
capacity estimation. It can be easily noticed that the approach is also valid for evaluating hydrau- 
lic performance of interacting channels under any conditions not inducing o v e~ow .  
Change on the hydraulic capacity of a drainage channel systeni occurs when one or more 
of the system components are modified so that their hydraulic performance is affected. The meth- 
od just introduced can be used to identify the channel pomons that limit the overall capacity of the 
channel system. In addition, the method can be used to evaluate the impact of channel modifica- 
tion on the hydraulic capacity, for which recomputation of the EPG is required only for the modi-
fied channel reaches. 


